We study long-term radio/X-ray correlations in Cyg X-1. We find the persistent existence of a compact radio jet in its soft state. This represents a new kind of jets in black-hole binaries, in addition to compact jets in the hard state and episodic ejections of ballistic blobs in the intermediate state. While the radio emission in the hard state is strongly correlated with both the soft and hard X-rays, the radio flux in the soft state is not directly correlated with the flux of the dominant disk blackbody in soft X-rays, but instead it is lagged by about a hundred days. We interpret the lag as occurring in the process of advection of the magnetic flux from the donor through the accretion disk. On the other hand, the soft-state radio flux is very tightly correlated with the hard X-ray, 15-50 keV, flux without a measurable lag and at the same rms. This implies that the X-ray emitting disk corona and the soft-state jet are powered by the same process, probably magnetically.
INTRODUCTION
Our current knowledge of the radio emission of accreting black-hole (BH) binaries includes power-law correlations between the soft/medium X-rays and the radio flux emitted by steady compact jets in the hard spectral state, episodic ejection of radio-emitting blobs in the intermediate state, and jet quenching in the soft state (e.g., Fender et al. 2004 Fender et al. , 2009 Miller-Jones et al. 2012; Corbel et al. 2013; Kalemci et al. 2013) . The radio emission of the compact jets is partially synchrotron self-absorbed (with the energy spectral index of α ∼ 0, e.g., Fender et al. 2000) , while that of the episodic jets is usually optically thin (e.g., Rodriguez et al. 1995) . Both types of jets are mildly relativistic. The two main proposed mechanisms for the formation of either type utilize large scale magnetic field co-rotating with either a Kerr BH (Blandford & Znajek 1977) or an accretion disk (Blandford & Payne 1982) .
In the case of the process of Blandford & Znajek (1977) and saturated large-scale magnetic field ('magnetically arrested' or 'choked', Bisnovatyi-Kogan & Ruzmaikin 1974; Narayan et al. 2003; McKinney et al. 2012 ), the jet power was shown to be capable of reaching ∼ a 2 * Ṁ c 2 , wherė M and a * are the accretion rate and the BH spin parameter, respectively (Tchekhovskoy et al. 2011 ). An approximate dependence on a 2 * was claimed for episodic jets (Narayan & McClintock 2012) , but none was found for steady compact jets of binaries (Fender et al. 2010 ).
The jet power may obviously be lower than a 2 * Ṁ c 2 , but it is still expected to be proportional to the square of the magnetic flux in the BH vicinity. An important issue is the origin of the required large-scale magnetic field. In ac-creting binaries, it could be advected from the donor star (Bisnovatyi-Kogan & Ruzmaikin 1974) . This process is efficient in geometrically-thick, hot, disks, but very inefficient in standard (Shakura & Sunyaev 1973) geometrically thin disks because of the magnetic diffusion (Lubow et al. 1994 ). This appears to be consistent with the jet quenching in the soft state of BH binaries. However, it cannot explain the presence of jets in the hard state, given that their hot disks are present only close to the BH and are surrounded by large standard cold disks (e.g., Dubus et al. 2001) . Those jets may be possibly generated by a local process, e.g., Liska et al. (2018) .
Here, we study long-term radio/X-ray correlations in the bright BH binary Cyg X-1, with the goal of testing the above paradigms. This system accretes via stellar wind from an OB supergiant, its X-ray emission originates from accretion, while the radio emission is from the jet, resolved by VLBA and VLA observations (Stirling et al. 2001 ). In the hard state, the spectrum is dominated by a hard power law with a high energy cut-off, well modelled by thermal Comptonization (Gierliński et al. 1997 ). In the soft state, the blackbody disk emission dominates the spectrum, and it is followed by a high energy tail, which is well fitted by Comptonization by electrons with a hybrid distribution (Gierliński et al. 1999 ).
THE DATA AND ANALYSIS METHOD
In soft/medium X-rays, we use the light curve for MJD 50087-55870 from the All Sky Monitor (ASM; Levine et al. 1996) on board of Rossi X-ray Timing Explorer, which covers three bands, 1.5-3, 3-5 and 5-12 keV. In hard X-rays, we use the 15-50 keV light curve for MJD 53416-58000 from the Burst Alert Telescope (BAT; Barthelmy et al. 2005 ) on board of Neil Gehrels Swift. We correlate the radio and X-ray light curves either separately for different spectral states or for all of the data. In addition to the hard and soft states, Cyg X-1 has a distinct intermediate state, and we separate the states following Grinberg et al. (2013) and Zdziarski et al. (2017) .
For that, we also use the 2-4, 4-10 and 10-20 keV data from the Monitor of All-sky X-ray Image (MAXI; Matsuoka et al. 2009 ). Cyg X-1 spends most of the time in either the hard or soft states and much less in the intermediate state (e.g., Grinberg et al. 2013) ; thus the number of observations in the latter is small. Since the radio/X-ray correlation in Cyg X-1 has similar properties in both hard and intermediate states (Zdziarski et al. 2011b) , we treat them jointly. (We also have tested joining the soft and intermediate states, and have obtained no qualitative difference in our results.) We convert the X-ray count rates into physical fluxes using an absorbed power law model for the Crab, and calculate the hard X-ray photon spectral index, Γ, based on either the MAXI 2-10 keV range or the ASM 3-12 keV following the method of Zdziarski et al. (2011a) . We set the boundary between the soft and the intermediate states at Γ ≈ 2.4-2.5 (Grinberg et al. 2013; Zdziarski et al. 2017) . This gives us the hard/intermediate days listed in Table 1 . Below, the term 'hard state' denotes the sum of the hard and intermediate states.
We use the radio monitoring light curves at 15 GHz for MJD 50226-53902 from the Ryle telescope, and for MJD 54573-57748 from the Arcminute Microkelvin Imager (AMI) Large Array, as published in Zdziarski et al. (2017) . Pooley & Fender (1997) describe the operating mode for the Ryle telescope in the monitoring observations; the observing scheme for the AMI Large Array is similar. The individual pointings have statistical errors 0.2 mJy, and are subject to variations in the flux calibration of 7% from one day to another (Dave Green, private communication). We assign both errors added in quadrature to the fluxes of individual pointings. For daily averages, we add in quadrature the statistical error of the average to the 7% daily variation.
The cross-correlation coefficients are calculated using the method of Edelson & Krolik (1988) with some modifications described in Zdziarski et al. (2018) , where the Pearson's correlation coefficient for two discrete and unevenly spaced light curves shifted in time by ∆t is calculated using the logarithms of the fluxes. In our convention, ∆t > 0 corresponds to radio lagging X-rays. We follow a few variants of this Table 1. method, see a discussion in Zdziarski et al. (2018) . In particular, we use either the individual detections or daily averages, but find the results using different variants are relatively similar, and show here those for the daily averages. Given the time resolution and relatively low sensitivity of the observations, we cannot meaningfully find lags on a time scale less than a day; we thus use the term 'zero lag' for the bin at 0 ± 0.5 d. Here, we correlate X-ray photons from within a given state interval with the radio photons from the entire light curve, which allows us to include those emitted after the end of that interval. Figures 1a and b show the fluxes in the radio band vs. those of the soft, 1.5-3 keV and hard, 15-50 keV X-rays, respectively, for the daily averages of the ASM, BAT and 15 GHz data. Figure 1a shows a positive flux-flux radio/1.5-3 keV Xray correlation in the hard state, and almost no correlation in the soft state. Figure 1b shows that the radio and 15-50 keV X-rays form a remarkable single track across both the hard and soft states. This single track is reflected by the radio/15-50 keV cross-correlation including all the states of Cyg X-1 peaking at zero lag with a very high correlation coefficient, r ≈ 0.86 ± 0.04, as shown in Figure 2 . The cross-correlation has the half-width of ≈60 d. Figures 3a, b show the correlations of the radio with the softest ASM band, 1.5-3 keV, in the hard and soft states, respectively. In the hard state, we the cross-correlation peaking at zero lag, similarly to the case shown in Figure 2 . However, we find a strongly delayed radio emission in the soft state, Figure 3b . While the correlation at zero lag is weak, r ≈ 0.2 (in agreement with Figure 1a ), it increases with the increasing positive lag up to the broad maximum of r ≈ 0.5-0.6 at ∆t ∼ 50-150 d. This delayed maximum in the soft state weakens to r ≈ 0.3-0.4 in the 3-5 keV range, while the 5-12 keV band shows the dominant peak at zero lag (not shown here). If we combine the intermediate and soft states (for the boundary with the hard state at Γ ≈ 2), the results are similar but the maximum values of r are lower. In the 15-50 keV band, Figure 3c , we see a strong single peak at zero lag. This clearly shows the different nature of the soft and hard X-rays in the soft state. While the peak values of the cross-correlation are similar for the 1.5-3 and 15-50 keV bands, r ≈ 0.6, the former occurs at ∆t ≈ 140 d and the latter is at ∆t ≈ 0 d. Figure 3 also shows low-amplitude periodic modulation of the cross-correlation at the orbital period of 5.6 d, which, on the scale of the figures, appears as a widening of the r profile. It is caused by the modulated absorption of both radio and Xrays in the wind of the high-mass donor. The source also shows superorbital quasi-periodic modulation seen in the hard state only, with the quasi-period of ∼150 d until around MJD 53500, and ∼300 d after that date, e.g., Poutanen et al. (2008) , Zdziarski et al. (2011a) . This could, in principle, introduce repetitive features in the ∆t-r space with the periods equal to those of the modulation (as in the case of the orbital modulation). However, no such features are seen in the hard state, Figure 3a , and Figure 3b (the soft state) shows the ∼100 d lag only for ∆t > 0. Thus, we rule out the possibility of the radio lag in the soft state being an artefact of the superorbital modulation.
RADIO/X-RAY CORRELATIONS

DISCUSSION
Our statistically strongest result is the very tight correlation between the 15 GHz and 15-50 keV fluxes across all of the states of Cyg X-1, with the correlation coefficient of ≈0.86±0.04 at zero lag. This shows the jet emission is strongly linked to the hot Comptonizing medium, either a hot disk or a hot corona. The correlation in the hard state agrees with our standard knowledge of that state, featuring compact steady jets. However, the radio emission in the soft state of Cyg X-1 appears to represent a new, third, kind of jets in BH binaries. It is clearly not from episodic ballistic jets, occurring in the intermediate state (e.g., Fender et al. 2004; Miller-Jones et al. 2012 ); instead it is from a small compact jet (Rushton et al. 2010 (Rushton et al. , 2012 , which persists through the occurrences of the soft state. Also, the jet emission of Cyg X-1 in the soft state remained partially synchrotron selfabsorbed (with α ≈ 0) during the few available 4-13 GHz measurements at fluxes 1 mJy (Rushton et al. 2010) .
While the soft-state radio emission is highly variable, it remains tightly connected to the similarly variable soft-state hard X-rays. We have calculated the fractional rms variability of the used 15-50 keV and 15 GHz soft-state light curves, and found them to be 0.52 ± 0.01 and 0.55 ± 0.01, respectively, i.e., practically identical. Thus, the variability of the hot corona appears to be transferred to the jet without any loss. On the other hand, the rms of the 1.5-3 keV light curve is significantly lower, 0.28 ± 0.01. The hard X-rays are clearly from Comptonization of the disk blackbody in a corona (Gierliński et al. 1999) , probably powered magnetically. The spectra from this process cover a range significantly broader than 15-50 keV, and the rms increases with the energy in the soft and intermediate states. Thus, the rms of the total power supplied to the corona could be higher than that measured in the BAT range. The corona is likely to represent the base of the jet. However, the hard X-ray emission, which has a steep spectrum, Γ 2.5, cannot be an optically-thin extension of the radio synchrotron spectrum, as that would imply, when extrapolated to putative synchrotron break energy, unrealistically high powers. Figure 3 . The 15 GHz vs X-ray cross-correlation for (a) 1.5-3 keV in the hard state, and (b) 1.5-3 keV, (c) 15-50 keV in the soft state. We see a narrow zero-lag correlation in the hard state in the soft X-rays, similar to that for all the data in the hard X-rays (Fig. 2) . In the soft state, we see a strong evolution of the radio emission from lagging the 1.5-3 keV X-rays by ∼50-150 d to a strong peak at zero lag in 15-50 keV X-rays.
An important difference between the compact jet radio emission in the hard and soft states of Cyg X-1 is that while the former is correlated with the bolometric luminosity, L, and thenṀ (Zdziarski et al. 2011b) , the soft state emission is not correlated at all with the instantaneousṀ , given that the hard X-rays in that state represent a minor fraction of L. On the other hand, the correlation withṀ can be recovered if the radio lag we have found with respect to the soft X-rays is taken into account. The soft X-rays are from the blackbody emission of the optically-thick disk extending to the innermost stable circular orbit, and they do trace the bolometric L. Thus, the jet power appears to be still related toṀ , but at an earlier epoch.
We interpret the lag as the time between a fluctuation in the thin accretion disk arriving near the black hole and the subsequent response of the jet. The jet production in a thin disk requires the presence of poloidal magnetic field (Liska et al. 2019) , and this field can be advected from the donor star. Such advection may be delayed by some process. A similar (∼50 d) radio lag with respect to the soft Xrays in the soft state was found in Cyg X-3 (Zdziarski et al. 2018) , and the mechanism for field advection in Cyg X-1 can be similar to that proposed by Cao & Zdziarski (2020) , in which it is due to magnetically-driven disk outflows occurring only after certain threshold accretion rate is reached. The characteristic time scale for the delay in this process is the viscous time scale, t visc , at the disk outer edge, R out . Shapiro & Lightman (1976) estimated R out ∼ 10 3 R g in Cyg X-1 (R g ≡ GM BH /c 2 , where M BH is the BH mass), at which radius t visc is of the order of days. However, the disk formation in systems like Cyg X-1, where the donor almost entirely fills the Roche lobe and the wind is strongly focused, is likely to be significantly different from classical wind accretors, and the actual outer radius can be larger. Thus, we estimate the outer radius that would correspond to a given viscous time scale,
where α ∼ 0.1 is the viscosity parameter and H/R ∼ 0.1 is the fractional disk scale height. At t visc = 100 d, M BH = 20M ⊙ (Ziółkowski 2014) and those values of α and H/R, this yields R out ≈ 6 × 10 11 cm ≈ 2 × 10 5 R g (with a large uncertainty), which is about a half of the tidal radius. We consider it a plausible value. While the time scale of state transitions in Cyg X-1 is much shorter than this t visc (R out ), it is similar to those in low-mass X-ray binaries (LMXBs), where R out is certainly near the tidal radius. This shows that state transitions are due toṀ changes occurring much closer to the compact object than the outer disk radius. We find significant similarities between the long-term radio/X-ray correlations in Cyg X-1 and Cyg X-3. In particular, the radio emission of the latter is tightly correlated at zero lag with the hard X-rays in all states but not with the soft X-rays. The radio emission is lagged by ∼50 d with respect to soft X-rays in the soft state of Cyg X-3 (Zdziarski et al. 2018) , while this lag is ∼150 d in Cyg X-1, which difference can be attributed to the larger binary separation of Cyg X-1. One difference is that the hard X-rays in the hard state are anti-correlated with the radio emission in Cyg X-3 (e.g., Zdziarski et al. 2018 ), while they are positively correlated in Cyg X-1. This can be explained by the pivoting variability with the pivot energy being between soft and hard X-rays in Cyg X-3. On the other hand, the soft-state radio emission of Cyg X-3 can be much more powerful than that in its hard state, and then it comes from a large, spatially resolved, jet (e.g., Egron et al. 2017) , unlike the soft-state emission of Cyg X-1. Thus, the soft-state of Cyg X-3 in this respect is different from our proposed third kind of radio jets in binaries.
It is then of interest whether the found behavior of the soft state of Cyg X-1 occurs also in BH LMXBs. We should take into account that the former shows significant high-energy tails, while there are only very weak high-energy tails beyond the disk blackbody in the soft state of LMXBs. Thus, the lack of detectable radio emission in them could still be in agreement with the correlation in Cyg X-1. We should then look at transitional states of LMXBs, which do have high-energy tails. The turning-on of jets during the soft-tohard transitions during the outburst decays has been studied by, e.g., Kalemci et al. (2013) , but without looking at the relationship to hard X-rays. Kubota & Done (2016) studied a transitional very high state of the BH LMXB GX 339-4 accompanied by a weak radio detection. They stated that the radio flux was weaker than that expected based on the flux of the Comptonization component. Clearly, more studies of this issue are desired.
CONCLUSIONS
We have established the persistent existence of a compact jet in the soft state of Cyg X-1. This represents a new, third, kind of jets in BH binaries, in addition to compact jets in the hard state, and episodic ejections of ballistic blobs in the intermediate state. The radio flux in the soft state of Cyg X-1 is tightly correlated with the hard X-ray flux, with both being strong variable at similar values of the rms of ≈50%.
While the radio flux in the soft state is not correlated (at zero lag) with the soft X-ray flux of the dominant disk blackbody, we have discovered that the former lags the latter with ∆t ∼ 50-150 d. We interpret the lag as occurring in the process of advection of the magnetic flux from the donor through the accretion disk. The tight soft-state radio/hard X-ray correlation then indicates that both the X-ray emitting disk corona and the jet are powered by the same process, most likely magnetic.
The new type of radio emission in Cyg X-1 shows a number of similarities to emission of Cyg X-3. On the other hand, the relationship to BH LMXBs remains unclear, and we stress the importance of studying the radio/hard X-ray correlation in their transitional states.
